In large cities, rainwater tanks are used to save mains water, but in peri-urban and rural areas, rainwater tanks are used as a sole water supply for many households, as these regions often do not have any other means of water supply. This paper investigates the performance of a rainwater harvesting system (RWHS) in peri-urban regions of Greater Sydney, Australia. Considering the daily rainfall data over the entire period of record at ten different locations, it has been found that a 5 kL tank can meet 96% to 99% of the demand for toilet and laundry use depending on the location in Greater Sydney regions. However, in the driest year, a 5 kL tank can meet 69% to 99% of toilet and laundry demand depending on the location. Based on the results of life cycle cost analysis, it has been found that a 5 kL tank has the highest benefit-cost ratio (ranging from 0.86 to 0.97) among the eight possible tank sizes examined in this study. Interestingly, for a 5 kL tank, with a combined use (i.e., toilet, laundry and irrigation), the current water price in Sydney needs to be increased by 3% to 16% to achieve a benefit-cost ratio exceeding one. A set of regression equations are developed which can be used to estimate reliability using the average annual rainfall data at any arbitrary location in the peri-urban regions of Greater Sydney. The method presented in this paper can also be applied to other Australian states and other countries to estimate water savings and reliability of a RWHS using daily rainfall data.
Introduction
Rainwater harvesting is an alternative water supply method that has become popular in recent years in Australia [1] . This is due to greater environmental awareness among the general public, a long-lasting drought in the last decade, and subsidization provided by various government authorities in Australia to install a rainwater harvesting system (RWHS) [2] . In urban areas, where mains water supply is present, a RWHS is used to save mains water. This also provides greater flexibility in water use during the time of water restrictions, as rainwater can be used for non-potable purposes such as gardening and the washing of cars and hard surfaces. However, in rural and peri-urban regions of Australia where mains water is not available, rainwater tanks are used as water source for a variety of purposes such as drinking, washing and gardening. Peri-urban regions are defined as areas having a metropolitan area on their inner boundary and a rural area on their outer boundary. In the case of peri-urban regions, a RWHS should be designed to have a higher reliability, i.e., a RWHS should be able to meet the desired demand on most days in a year.
It is worth mentioning that the design of a RWHS is concerned with determining the storage capacity required to maintain enough water in the tank to ensure water supply for the intended purposes. In this regard, reliability can be defined as the proportion of days when a RWHS is likely to meet the required demand. An unnecessarily large RWHS is a misuse of resources and space; on the other hand, a RWHS which is too small cannot serve its intended purposes and there is likely to be a shortage of water from the RWHS on a regular basis. Hence, a RWHS should be designed according to the needs of the household, and a common size cannot meet the demand at optimum level at different locations and households in a large city like Greater Sydney. There have been many studies demonstrating the benefit of having a RWHS in the house and also on design and performance criteria of a RWHS [3] [4] [5] [6] [7] [8] .
Domenech and Sauri [9] examined the efficiency of a RWHS for the two main types of buildings prevalent in the metropolitan area of Barcelona (Spain) by analyzing users' practice and perception, drinking water savings and economic costs. They carried out the financial viability analysis of the RWHS in single and multi-family buildings and found that in single-family households, an expected payback period would be between 33 and 43 years depending on the tank size, and for a multi-family, building a payback period would be as high as 61 years for a 20 m 3 tank. In Australian studies by van der Sterren et al. [10] [11] [12] , it was found that although RWHS would be very useful in providing required water in peri-urban regions of Sydney, water quality would not always meet the required standard in relation to heavy metals and pathogens.
Kus et al. [13] compared the water quality with The Australian Guidelines for Water Recycling [14] . They used eleven rainwater tanks located in Sydney metropolitan regions and five rainwater tanks located in peri-urban regions of Sydney. They demonstrated that simple yet effective treatments could bring the water quality to desired standards for non-potable purposes.
Campisano et al. [15] examined the performance of a domestic RWHS for toilet flushing in 44 Italian sites by using a non-dimensional approach characterized by a demand and storage fraction. Regression curves were developed to describe the relationship between the water-saving efficiency and the modified storage fraction that allowed the RWHS systems to be sized based on the desired water-saving performance level. The results showed that the system performance was dependent on climatic zones and the intra-annual characteristics of the precipitation regimes.
Rahman et al. [16] examined the water-savings potential, reliability of water supply, financial benefits and the adequacy of the current government subsidy for a RWHS in a detached house at ten different locations in Greater Sydney, Australia. It was found that the average annual water-saving from a RWHS was strongly correlated with the average annual rainfall. Palla et al. [17] investigated the performances of a RWHS based on 46 sites within the European territory, equally distributed among five main climate zones based on the Koppen-Geiger classification. A behavioral model was implemented and non-dimensional parameters were used to suitably compare the system performance under various environmental (i.e., hydrologic characteristics) and operational (storage capacity) conditions. They found that the antecedent dry weather period was the main hydrologic parameter affecting the system behavior, while rainfall event characteristics (including event rainfall depth, intensity and duration) had weak correlations.
Ghisi and Schondermark [18] presented an investment feasibility analysis of a RWHS for the residential sector for five towns in Santa Catarina State, Southern Brazil. They observed that the ideal tank capacity would be conservative for high rainwater demands and in such cases an investment feasibility analysis should be carried out in order to obtain a more appropriate tank capacity. It was noted that rainwater use would be economically feasible for most cases and the higher the rainwater demand, the higher the feasibility. In a study in Iran, Mehrabadi et al. [19] assessed the applicability and performance of a RWHS to supply non-potable water. They found that in a humid climate, it was possible to supply about 75% of non-potable water demand by storing rainwater from larger roof areas. Sample et al. [20] assessed the performance of a RWHS in Richmond, Virginia (USA), using storage volume, roof area, irrigated area and an indoor non-potable demand. Results indicated that land uses that provided larger demands, such as offices, commercial sites and high-density residential sites, would be better suited than lower-density residential blocks where a RWHS was more commonly employed.
This study investigates the water-savings potential and financial viability of a RWHS in peri-urban regions of Greater Sydney in Australia where semi-rural and rural properties generally depend on a RWHS to meet all their household water needs. Here, reliability of a RWHS is quite important as there is no mains water to supplement the RWHS. In this case, if a RWHS cannot meet the demand, water is to be bulk supplied into the tank and/or self-imposed restriction needs to be exercised so that the supply does not run out.
Method
To simulate the performance of a RWHS, a water-balance simulation model on daily time step was built in FORTRAN. This model accounted for various factors for a RWHS, such as tank size, daily rainfall, losses, daily water demand, mains top up and tank spillage. The spillage indicated the overflow from the tank if the tank capacity was exceeded. The adopted approach was very similar to Su et al. [21] and Rahman et al. [16] . It should be noted here that a behavioral model (yield-before-spillage type) was adopted in this study to simulate the long-term water balance of a RWHS. However, a yield-after-spillage model could have been adopted. A yield-before-spillage type model generally provides 10%-15% overestimation of water savings compared with a yield-after-spillage model. In the adopted model, the rainfall was regarded as inflow and the release and possible spillage as outflow. The release was estimated based on the following equations:
where D t is the daily demand (m 3 ) on day t; S t−1 is the tank storage at the end of the previous day (m 3 ); R t is release from rainwater tank (m 3 ) and I t is inflow (m 3 ). Spill (SP t ) (m 3 ) was calculated from the following equations:
where S MAX is the design storage capacity (m 3 ).The tank storage S t at the end of day t was calculated using the following equations:
The reliability of the RWHS was calculated as the ratio of the number of days when the intended demand was met fully by the available rainwater and the total number of simulated days.
Life cycle cost analysis (LCCA) is the method of assessing the cost of a product over its life cycle or portion thereof [22] . Life cycle cost is the sum of acquisition and ownership costs of a product over its life span. All past, present and future cash flows identified in the LCCA are converted to present-day value. This study uses the concept of nominal cost (the expected price that will be paid when a cost is due to be paid, including estimated changes in price due to factors such as changes in efficiency, inflation/deflation and technology) and a nominal discount rate (the rate to use when converting nominal costs to discounted costs). To convert a nominal cost (C N ) to discounted cost (C D ), the following equation was used [22] :
where d n is the nominal discount rate per annum and y is the appropriate number of years.
Study Area and Data
In this study, ten different locations in the Greater Sydney regions of Australia were considered ( Figure 1 ). Nine of these ten locations are situated in the peri-urban regions of Greater Sydney, which are Campbelltown, Hornsby, Penrith, Richmond, Castlereagh, Wallacia Post Office, West Pennant Hills, Moss Valeand Cataract Dam. The other location (Parramatta) is situated in the approximate center of Greater Sydney, which is used to compare the water use in peri-urban and metropolitan Sydney regions. The daily rainfall data at the selected locations were obtained from the Australian Bureau of Metrology (Table 1 ). The data lengths were in the range of 37 to 110 years, with an average of 67 years. The average monthly rainfall distribution in Greater Sydney regions is shown in Figure 2 , which shows that July to September are the lowest rainfall months, which are also the winter season requiring very little irrigation due to insignificant gardening activity in this region, as residents do not grow many vegetables and flowers during the winter. In this study, three different combinations of water use were considered: (i) toilet and laundry; (ii) irrigation; and (iii) a combination of toilet, laundry and irrigation (combined use). The feasibility of 8 different rainwater tank sizes (1, 2, 3, 5, 7, 10, 15 and 20 kL) was initially examined. A hypothesized new development was considered at each of the study locations with a single household having 4 occupants. A total site area of 450 m 2 was considered with a roof, lawn and impervious areas of 200 m 2 , 150 m 2 and 100 m 2 , respectively. It should be noted here that in peri-urban areas of Sydney, block size generally varies from 400 m 2 to 600 m 2 ; with 450 m 2 as the most typical size in new development projects [16] . The adopted different roof, lawn and impervious areas reflect the commonly adopted choices in the design of houses by various residents in Sydney regions. Also, the number of occupants per household in Sydney generally varies from 2 to 6, reflecting small and large families. The rainwater tank was considered to be located above ground.
It should be noted that typical 5 kL, 10 kL and 20 kL tanks would occupy about 2.5%, 3.3% and 6% of the lawn area, respectively (assuming a lawn area of 150 m 2 for a 450 m 2 block), which seems to be quite reasonable; however, a 50 kL tank would take about 15% of the lawn area. In peri-urban regions, the block sizes are generally larger than 450 m 2 and hence bigger tanks could be adopted.
To assess the performance of a RWHS under different plausible conditions, the tank size, block size and number of occupants were varied. It was done by (i) varying the tank size to 12 different values (i.e., 1, 2, 3, 5, 7, 10, 15, 20, 25, 30, 40 and 50 kL); (ii) changing the block size (from 450 m 2 to 600 m 2 ); (iii) changing the number of occupants from 4 to 2 and 6; and (iv) by changing the frequency of toilet use from 3 to 5 times per person per day.
The water demand data for toilet, laundry and irrigation use for residential properties were obtained from Sydney Water. The toilet considered in the study was a 6-litre AAA (the higher the As, the more water efficient the device is) rated dual flush toilet, and a frequency of toilet use of three times per person per day was assumed, which was equivalent to 0.018 kL per person per day. The washing machine considered in this study was rated 4A. It was assumed that the washing machine had a volume of 50 L and it would be used three times per week, which was equivalent to 0.0215 kL/day of water use. The irrigation demand per square meter of lawn area was assumed to be 10 mm per day as per Sydney Water recommended value in the region. In the adopted model, if the daily rainfall exceeded 10 mm, irrigation demand was kept at zero on that day, and after a heavy rainfall event (daily rainfall exceeding 50 mm), irrigation demand was kept at zero for a number of subsequent days (one day for each 25 mm of rainfall).
To carry out the life cycle cost analysis (LCCA), necessary data on the capital and operating costs for the RWHS were obtained from rainwater tank suppliers in Sydney. The capital costs included the cost for the rainwater tank, concrete base, pump, first flush, pump to tank connection kit, electrical and plumbing supplies and all the necessary labor costs. A maintenance cost of AUD20 per year was adopted in the LCCA. The tank was considered to be made of polyethylene (poly tank round shape). The capital costs of installing the RWHS in Sydney regions are found to be AUD 1360, 1743, 1882, 2114, 3005, 3461, 5040 and 6850 for 1, 2, 3, 5, 7, 10, 15 and 20 kL tanks, respectively. In the LCCA, the current water price in Sydney (AUD 2.13/kL) was adopted. The base year for LCCA was assumed to be 2013. The life of the RWHS was assumed to be 40 years and a discount rate of 3% was considered in undertaking LCCA. The reasons for selecting these values was that it is generally assumed that a RWHS has a design life of 40 years in Australian conditions, and a 3% discount rate is close enough to the Australian consumer price index value of 2.7% for the year 2013 [23].
Results

Reliability and Water Savings
Initially, the reliability and water savings considering the daily rainfall data of all the years on record were determined for the roof top, lawn and impervious areas of 200 m 2 , 150 m 2 and 100 m 2 , respectively. The reliability of rainwater tanks of different sizes and water use for these cases are shown in Figures 3-5 . Figure 3 shows that, on average, a 1 kL rainwater tank can meet the demand for toilet and laundry use for 73% of the days in a year, which increases to 98% for a 5 kL tank size and 99% for a 20 kL tank. Among the ten locations, Hornsby has the highest reliability (99% for a 5 kL tank) and Campbelltown has the lowest (96% for a 5 kL tank). This reliability is well related with the average annual rainfall values at these two locations (1325 mm and 743 mm for Hornsby and Campbelltown, respectively). Figure 3 also shows that the differences in reliability across different locations reduce as the tank size increases and a rainwater tank of 5 kL size can meet the demand for toilet and laundry use with a reliability of greater than 96% at all the ten locations. As can be found in Figure 4 , the reliability for irrigation use at all ten locations is smaller than for toilet and laundry use (shown in Figure 3 ). For a 5 kL tank, the reliability values for Hornsby and Campbelltown are 73% and 41%, respectively. This result shows that the reliability varies significantly at these two locations, which is well related with the average annual rainfalls of these locations. The average reliability for the ten locations is very close to the reliability of Richmond. These results highlight that even with a 20 kL rainwater tank, the reliability of 99% cannot be achieved for irrigation use at any of the ten locations. This is due to the fact of the high irrigation demand in Greater Sydney regions, which is characterized by periods of drought spells lasting over weeks and even months in almost every year. Figure 4 . Reliability of RWHS at ten selected locations using rainwater for irrigation use (considering the daily rainfall data of all the years on record).
Figure 5.
Reliability of RWHS at the ten selected locations for utilization of rainwater for combined use (considering the daily rainfall data of all the years on record). Figure 5 presents reliability values for the toilet, laundry and irrigation use (combined use). It is found that the reliability increases with the increasing rainwater tank size as expected. The highest and lowest reliability values for a 5 kL tank were found to be for Hornsby (71%) and Campbelltown (40%) respectively. The average reliability over the ten locations is very close to the reliability for Richmond as can be seen in Figure 5 . The reliability for combined use does not reach 99% for any of the ten locations, not even for a 20 kL tank. Also, there is a notable difference in reliability across different locations in Greater Sydney, which suggests that a common tank size is not appropriate for Greater Sydney regions. Figure 6 shows the water savings for toilet and laundry use. It can be seen that after about a 7 kL tank size, the water savings become nearly constant for all ten locations. This is due to the fact that water utilization from a tank largely depends on the number of users in the house; for a larger tank, if the number of users is not increased, the water savings would not increase as a significant portion of the harvested water would remain unutilized. For a 5 kL tank, the average annual water-savings range is from 34 kL (Hornsby) to 33 kL (Campbelltown) with a mean value of 33 kL over all the ten locations, which suggests a smaller variation across the ten locations with respect to water savings for toilet and laundry use. Figure 6 . Water savings from a RWHS for toilet and laundry use (considering the daily rainfall data of all the years on record). Figure 7 shows that water savings for irrigation use increase with increasing rainwater tank size as expected. For a 5 kL tank, the average annual water-savings range from 46 kL (Richmond) to 54 kL (Penrith), with the mean value for the ten locations being 51 kL. Figure 8 shows that the differences in water savings for combined use for the ten different locations reduce as the size of rainwater tank decreases. The water saving increases with the increasing rainwater tank size as expected. For a 5 kL tank, Penrith has the highest average annual water savings (62 kL), Richmond has the lowest annual water savings (56 kL) and Parramatta corresponds very well to the average annual water savings over the ten locations (61 kL). Table 2 shows the correlation coefficients of the relation between (i) reliability vs. tank size; and (ii) water savings vs. tank size. Table 2 shows that Hornsby and Campbelltown have the lowest and highest correlation coefficients for toilet and laundry use, and irrigation use. Moreover, the combined use over all the ten locations exhibits a strong correlation between the reliability and tank size, and water savings and tank size. For a 5 kL rainwater tank in the ten selected locations in Greater Sydney regions, the reliability of a RWHS was found to be moderately correlated with the average annual rainfall (AAR) as shown by the following equations: 
where R 1 , R 2 , R 3 are reliabilities (%) for (i) toilet and laundry (ii) irrigation and (iii) combined use, respectively, and AAR is average annual rainfall (mm) and R 2 is the coefficient of determination. Figures 9 and 10 give a summary of the monthly performance of a 5 kL rainwater tank in Hornsby and Campbelltown locations, which have the highest and lowest average annual rainfalls among the ten selected locations. From Figure 9 it can be seen that a 5 kL rainwater tank in Hornsby remains empty, more than half-full, and full for 114, 211 and 88 days of the year on average, respectively. Figure 10 shows that a 5 kL rainwater tank at Campbelltown location remains empty for 227 days per year and full for only 38 days per year on average. A comparison of Figures 9 and 10 highlights the differences in the effectiveness of a RWHS over different months of the year, with tanks remaining full and half-full at Hornsby on a greater number of days (1.5 to 2 times higher) than that of Campbelltown. At both the locations, rainwater tanks remain empty on the highest number of days during July to September i.e., during winter. At Hornsby, during October to June, the tank remains half full 15 to 24 days per month on average, which is only 7 to 11 days in the case of Campbelltown. The reliability and water savings of the wettest, driest and average years on record were then determined. The wettest and driest years on record were identified as the years having the lowest and highest total yearly rainfall values during the period of data availability at the selected location as noted in Table 1 . The average year at a given location was selected as the year that has the total yearly rainfall closest to the average annual rainfall value at that location. Table 3 shows the driest, wettest and average years on record and the corresponding total yearly rainfall for the ten selected locations. Based on the daily rainfall data of the identified driest, wettest and average years on record, the reliability and water savings at three locations (Campbelltown, Hornsby and Richmond) for a 5kL RWHS were determined as shown in Tables 4-6. For toilet and laundry use, the reliability is 99% in the wettest year on record for all the three locations. In contrast, for the driest year, the reliability ranges from 69% to 99%. For the average year, the reliability ranges from 90% to 97% for toilet and laundry use. For irrigation use and combined use, reliability values for the driest year were quite smaller (29% to 66%). For the wettest year, reliability for irrigation use and combined use were found to be very similar at each of the three locations (ranging from 63% to 96%) as can be seen in Tables 5  and 6 . Among the three locations, Hornsby has the highest reliability values for all the three water uses. In the sensitivity analysis, it was found that in the case of toilet and laundry use and combined use, the case of 2 occupants increased the reliability and reduced the quantity of water savings compared with the case of 4 occupants. On the other hand, the case of 6 occupants reduced the reliability and increased the water savings compared with the 4 occupants. For example, in the case of 2 occupants, for toilet and laundry use, for a 5 kL tank, reliability and water savings were found to be 99% and 21 kL, respectively. While in the case of 6 occupants, for a 5 kL tank, reliability and water-saving values were found to be 91% and 43 kL, respectively. In the case of irrigation use, the reliability and water savings remained very similar for the number of occupants of 2, 4 and 6. The change of frequency of toilet use from 3 to 5 times per person per day resulted in a reduction of reliability by 2% to 3% for a 5 kL tank. The impact of land size on the performance of a RWHS was investigated by increasing the block size from 450 m 2 to 600 m 2 . For 600 m 2 block size, the roof, lawn and impervious areas of 250 m 2 , 200 m 2 and 150 m 2 , respectively, were considered. Here, there was a minor increase in the reliability and water-saving values for all the three types of water uses as compared to the case of total site area of 450 m 2 (with a roof, lawn and impervious areas of 200 m 2 , 150 m 2 and 100 m 2 , respectively). In general, for both the block sizes (450 m 2 and 600 m 2 ), for toilet and laundry use, the reliability in the case of 2 occupants reached 99% for a 5 kL tank; in the case of 4 occupants, reliability reached 99% for a 15 kL tank; and in the case of 6 occupants, it reached 99% for a 25 kL tank. This implies that as the number of occupants increases, a bigger tank is needed. However, it seems that one does not need a tank greater than 25 kL (for 6 occupants) in the peri-urban regions of Greater Sydney.
Life Cycle Cost Analysis
Life cycle cost analysis (LCCA) of the RWHS was undertaken at three of the ten locations: Hornsby, Campbelltown and Richmond. Here, Hornsby and Campbelltown had the highest and lowest average annual rainfall values among the ten selected locations. Richmond had the average annual rainfall value which was closest to the average annual rainfall value across the ten selected locations. Table 7 shows the benefit-cost ratio values for different tank sizes for Hornsby. It was found that the benefit-cost ratio values varied over the tank size, location and water use. However, none of the benefit-cost ratio values reached one indicating that RWHS was not financially viable. Nevertheless, a 5 kL tank showed the highest benefit-cost ratio considering all the three locations and three water uses. For combined use and a 5 kL tank, the benefit-cost ratio values ranged from 0.86 to 0.97 across the three locations. Also, the benefit-cost ratio values for toilet and laundry use were generally much smaller than the combined use. This result suggests that a 5 kL tank when used for combined purpose (i.e., toilet, laundry and irrigation) presented the best financial scenario. The current Sydney Water price (AUD 2.13/kL) appeared to be too low to achieve a benefit-cost ratio greater than one for a RWHS under most of the scenarios examined in this study. An increase in water price as shown in Table 8 would give a benefit-cost ratio above one. Interestingly, for a 5 kL tank and for combined use, the water price should be in the range of AUD 2.21/kL to AUD 2.48/kL (which represents 3% to 16% increase over the current water price).
The results show that a RWHS is not financially viable under the current water price in Sydney and hence the water authorities should provide a subsidy to the home owners for installation of a RWHS, which will enhance the use of a RWHS. Table 8 . Increased water price to achieve a benefit-cost ratio (BCR) close to 1.00 (Hornsby). 
Conclusions
This paper investigates the performance of a rainwater harvesting system (RWHS) in peri-urban regions of Greater Sydney, Australia. Considering the daily rainfall data over the entire period of record at ten different locations, it has been found that a 5 kL tank can meet 96% to 99% of the demand for toilet and laundry use depending on the location in Greater Sydney regions. It has been found that even in the driest year, a 5 kL tank can meet 69% to 99% of the toilet and laundry demand. Based on the results of life cycle cost analysis, it has been found that a 5 kL tank has the highest benefit-cost ratio (ranging from 0.86 to 0.97) among the 8 different tank sizes considered in this study.
Interestingly, for a 5 kL tank, with a combined use (i.e., toilet, laundry and irrigation), the current water price in Sydney needs to be increased by 3% to 16% to achieve a benefit-cost ratio exceeding one. A set of regression equations are developed which can be used to estimate the reliability of a RWHS using the average annual rainfall data at any arbitrary location in the peri-urban regions of Greater Sydney. The method presented in this paper can be applied to other Australian states and countries to estimate water savings and reliability of a RWHS.
